Abstract-The instantaneous switch-off of the gas precursors during the ramp-down cycle in a spike ramp process is demonstrated to be an effective method to enhance the reliability of rapid thermal oxide. Due to the slow ramp-down rate (60 C-90 C/s) of a rapid thermal process, the oxidation during the slow ramp-down cycle may produce the inferior oxide, especially for ultrathin oxide. To avoid the oxidation in the slow ramp-down cycle, the oxidation precursor (oxygen) is switched off during the ramp-down cycle. The reliability of resulting oxide without oxidation during the ramp-down cycle is enhanced as compared with the conventional oxide, which is still oxidized during the ramp-down cycle.
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I. INTRODUCTION
T HE SCALING of nano-devices reaches the gate oxide thickness 1 nm for the 45-nm technology node [1] . The precise control of the thickness and the quality of the oxide layer is a crucial factor for the performance of the MOS devices. Recently, the spike ramp process in a rapid thermal processor (RTP) is reported to effectively reduce the thermal budget as compared with the conventional furnace process [2] - [6] . The dopant out-diffusion during thermal activation annealing was minimized in shallow junction formation [3] . The ramp-up rate of a rapid thermal process is around 50 C/s-400 C/s [6] , and is controlled by the lamp power, the number of the lamps, and the reflector configuration [7] . For the cooling stage, the gas flows, chamber geometry, and physical characteristics of wafers all are important factors to determine the cooling rate. The nature and unforced ramp-down rate is about 60 C/s-90 C/s [8] . This slow ramp-down rate increases the thermal budget and deteriorates the merit of the spike ramp process. The extra dopant diffusion in RTA and the inferior oxide formation in RTO occur during the ramp-down cycle. The additional growth of oxide during the ramp-down time for spike oxidation process becomes significant, especially for ultrathin oxide due to the fast diffusion through the ultrathin oxide. It has been reported that the spike oxidation process results in the increase of interface state density [9] . Since the interface state density increases with the decreasing oxidation temperature [10] , the growth of low-temperature oxide near the Si/SiO interface during the ramp-down time may be responsible for the increase of interface state density. The final formation of SiO layer locates at Si/SiO interface [11] and, therefore, the final oxidation conditions are crucial for the Si/SiO interface quality. To avoid oxidation in the slow ramp-down cycle, we have investigated the novel process to switch off the oxidation precursor (oxygen) during the ramp-down time and the reliability of the resulting oxide is enhanced.
II. EXPERIMENT
In the RTO system, the 4-in p-type wafer was illuminated by 12 tungsten halogen lamp tubes through a quartz window with stainless-steel chamber, was held by three quartz pins in order to reduce thermal stress and wafer slip. The wafer temperature was monitored by pyrometry with a closed-loop control. The precursor gas, which is controlled by mass flow controller (MFC), was injected horizontally across the wafer, and is exhausted by a mechanical pump. The advantages of MFC are the precise flow rate control and the abrupt switch of the gas precursor. With the size of 270 cm in our chamber, and oxygen flow rate of 1000 sccm at the pressure of 250 mbar, 4 s is more enough to replace the gas species completely. The pressure in chamber was maintained by mechanical pump and was regulated by a throttle valve. The gate oxide thickness was measured by ellipsometry. The resistivity of the wafers is 1-10 -cm. NMOS diodes have Al gate electrodes with circular area of cm defined by photolithography. The constant voltage stress (CVS) measurements were carried out using an HP 4156A semiconductor parameter analyzer.
Before oxidation, the wafer was cleaned by a HF dip. An in situ hydrogen prebake at 1000 C for 2 min at the pressure of 250 mbar was performed before the growth of the ultrathin oxide. After the growth of ultrathin oxide, the sample was in situ annealed subsequently in hydrogen and in nitrogen for 10 min each at 900 C at the pressure of 250 mbar. The ultrathin gate oxide of the NMOS diode was grown by RTO at the reduced pressure of 250 mbar with 1000 sccm nitrogen and 1000 sccm oxygen flows. The temperature ramp and oxygen flow rate profile were shown in Fig. 1 . The flow rate can switch much faster than the temperature. The oxidation time is determined by gas switching. For "overall oxidation," the oxygen continuously flows in the entire thermal cycle, as shown in Fig. 1 . For "ramp-up oxidation," the oxygen flows only during the temperature rising cycle and is switched off during the ramp-down cycle.
III. RESULTS AND DISCUSSION
The ultrathin gate oxide of the NMOS diode was grown by RTO with the spike ramp oxidation process at various peak temperatures from 800 C to 1000 C. Fig. 2 shows the statistic 0894-6507/03$17.00 © 2003 IEEE Fig. 1 . The temperature and oxygen flow rate profiles of overall oxidation and ramp-up oxidation processes. The solid line indicates that the oxygen continuous to flow during overall the spike ramp oxidation process. The dash line indicates that the oxygen is switched off instantaneous at the beginning of the ramp-down cycle(ramp-up oxidation). Note that both process have the same temperature profile. Fig. 2 . The statistic average thickness of the oxide prepared by overall oxidation and ramp-up oxidation. The extra oxidation time during the ramp-down cycle leads to the thicker oxide thickness of overall oxidation as compared with ramp-up oxidation. As the peak temperature increases, the significant average thickness difference is observed due to the increasing thermal budget of the extra ramp-down cycle.
average thickness of the oxide prepared by overall oxidation and ramp-up oxidation. In the overall oxidation process, the extra oxidation time during the ramp-down cycle leads to the thicker oxide thickness as compared with the ramp-up oxidation process. As the peak temperature increases, the significant average thickness difference is observed due to the increasing thermal budget of the extra ramp-down cycle. The reliability measurement is performed by CVS, since the wear-out and breakdown are mainly controlled by the gate voltage, which determines the injected electron energy [12] .
Figs. 3 and 4 show the gate current variation as a function of stress time of NMOS diodes with oxide grown at peak temperature of 1000 C and 900 C for both processes, respectively. Both devices are designed to have similar oxide thickness for each growth peak temperature ( 1.2 nm in Fig. 3 and nm in Fig. 4 ) and are stressed under the CVS at 1, 2, and 3 V for stressing time of 1000 s. We have obtained similar trend of the stress-induced leakage current (SILC) results with over 20 devices for reproducibility. There is no apparent fluctuation in gate current during the stress for both the ramp-up oxida- tion and overall oxidation devices except the overall oxidation devices under CVS at 1 V in Fig. 3 . This indicates that the ramp-up oxidation devices have superior oxide reliability characteristics as compared with the overall oxidation devices. It is found that the SILC at higher voltage ( 3 V) for the ramp-up oxidation devices is high as compared with overall devices due to the slightly lower oxide thickness in the ramp-up oxidation process. After 1000 s CVS at 1 V, the current-voltage (I-V) curves of both devices are almost identical to the fresh one, as shown in the insets of Fig. 3 . Note that there is a kink at 1 V in the I-V curves of the NMOS devices, indicating the transition of two current-transport mechanisms. At the small negative gate voltage, the electrons can tunnel through the gate oxide via the interface traps at Si/SiO interface [13] . At the larger negative gate bias, the electrons tunnel directly into the conduction band of Si. The overall oxidation devices grown at peak temperature of 1000 C show inferior and degradation of interface state from Fig. 3 , although it is difficult to obtain the exact value of interface state density for the ultrathin oxide due to the high gate leakage current through the NMOS diodes. For reference, the values of the thickness oxide ( 5.2 nm) for the without-ramp-down oxidation, and overall oxidation are and eV cm , respectively. This implies that the overall oxidation oxide probably has higher than the ramp-up oxidation oxide for ultrathin oxide. The large can yield larger electron current tunneling through the oxide via interface states. This trap-assisted tunneling current may be responsible for the oxide degradation. The similar results are also obtained as the growth peak temperature of 900 C as shown in Fig. 4 . Since the lower temperature oxidation (900 C) forms inferior oxide and high [10] , the ramp-up oxidation devices show gate current at about 700 s and 800 s under CVS at 1 V with a little fluctuation as compared with overall devices. There are apparent fluctuation in gate current for the overall oxidation devices with stress at 1 and 2 V, and this indicates the inferior oxide reliability and of the overall oxidation process. The higher accumulation tunneling current of overall oxidation devices indicates the devices degradation after the 1000-s CVS at 1 V (the right inset of Fig. 4) . However, this gas switching effect is not apparent for peak growth temperature of 800 C, to be discussed. Fig. 5 shows the CVS measurements for 1000 s at 0.5 and 1 V of the devices with the oxide grown at peak temperature of 800 C ( 0.8 nm). The gas switching effect does not improve the reliability for both devices in the peak temperature of 800 C oxidation process. Since both devices show similar gate current fluctuation during the stress, and the devices are degraded after the 1000 s CVS at 1 V (the insets of Fig. 5) . Besides, the gas switching effect was also studied for the thick oxide devices, which are grown by convention RTO at the temperature of 1000 C with 70-s plateaus oxidation. Fig. 6 shows the temperature ramp and oxygen flow rate profiles of overall oxidation and without-ramp-down oxidation processes. The both devices with similar oxide thickness ( 5.2 nm) are stressed under 200 s CVS at 7.5 V as shown in Fig. 7 . The mid-bandgap values are and eV cm for without-ramp-down oxidation and overall oxidation devices, respectively, extracted by Terman method [14] . This is corroborating with the results as discussed in Figs. 3-5 . Furthermore, the I-V curve of overall oxidation before the stress (the right inset in Fig. 7 ) also exhibits serious leakage current, as compared with the without-ramp-down oxidation. Note that, there is apparent fluctuation in gate current before hard breakdown for the overall oxidation devices in Fig. 7 . The current fluctuation is related with an oxide trap-assisted tunneling mechanism at the Fowler-Nordheim (FN) bias ( 7 V), previously reported in [15] . The hard breakdown of oxide occurs under CVS, which is identified by an abrupt and dramatic increase of the leakage current, and the injection fluence values are similar (about coul/cm ) for both devices. The value is consistent with the extrapolating of data reported in [16] . Due to no statistic data on can not be concluded. However, the hard breakdown does not occur in the ultrathin oxide devices, the is not important in the modern VLSI devices.
IV. CONCLUSION
We have demonstrated the reliability improvement by gas switching, which controls oxidation time in spike ramp oxidation process. The oxygen is switched off instantaneously at the beginning of the ramp-down cycle to avoid inferior oxide formation. The gas switching can enhance the oxide reliability at the spike ramp oxidation temperature of 1000 C and 900 C, and its effect is not apparent at 800 C since the low-temperature oxidation (800 C) forms inferior oxide and higher interface state density. The gas switching can also improve the oxide leakage current and reduce interface state density for thick oxide. This simple technique can easily improve oxide quality with spike ramp oxidation for reducing thermal budget.
